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26 =S Y300002 F, Hp 25 Y 29412000
R (MR ALY HEE, PIARARRILER T RE
FIZ Y, W2 & B2 A E R AR ERE
A, WAS. =b. I, WES. £/
FLeh5200000F A5 25 M E L&, FRZ IR
TARF= IS RIR =W, REHAHES SHEMIE
KEH, AT ZMAEEME, nyisEt. ik, ot
R BB ROR IR R R BAE E A
TR T AN, Koy RmEE. B, SEAE
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F 1 GREYHELEREY

A

RS AEE . APEE . TR EATRE. AT ATEH . o U0, BEERE. B-BEA. DHURE. DPRREE. TEM. G

il WEER M adReM . B-HTIG . 2

- FIZER. BREE. FOIENNE. HABNAR. WA ANE. THETE . SORE. TR

=il AZREF. JIFHER. TR e, RESE. HER, RREH. WEET. NHER. afigr.
VY i ¥ bR, HEE

2 R

2R T R AP AR

UEAFER, [ Seili S AR T 2 ORI SIS T AR
Kikke, WARHNRRINEERIZ . Haomiz. AT
e BRI Bl aREm=2eE. AOnH
ER. IZW. NS BE 3R WHN T Z 1
FAEW G S AR 42 ST R I 7 R i3k AT R
GrEGES, FFXS R REAFAE [ 1) K N P SR AT 2.

1 iYL SR Y & st

Wi RS W A& O A% 2 3B B AR
(F1): (1) AR Ik — IR (isopentenyl dipho-
sphate, 1PP) S HUUBHE S 44 4 — FF B 45 A 2 — e IR i
(dimethylallyl diphosphate, DMAPP) CS5HifA; (ii) 4
Ry 8 2 R (farnesyl diphosphate, FPP). #E4-)L
FE %2 (geranyl diphosphate, GPP) 44 ) LIE4EF
L2 % 2 (geranylgeranyl diphosphate, GGPP)%¢ B
B4R (i) Wi SEY BT I AR e S s . AT, BTPIANBT B
AW AT LRI R, B = B AR m e ik, F T
ZMAE B R SRR iRG, TRiE T iR G4
CAliNEZES Ca

1.1 C5%5 44 o(IPPFIDMAPP) B FE i

it HI AT A TPPAMIDMAPP () & B 12 1 2% AN [ )
BRATH, S nlE AT g0 p i e DL B AR AN S
U5 JFRHE) H #2 IK B2 (mevalonic acid, MVA)i& 1% PL R AL
BT DL D TR R I - 3 - B TR O SR R B iR
B 7 -4-105 B2 (methylerythritol phosphate, MEP)i&42["),
FEMVAIEEH, W11 A B ATE Lt 4B CoA
T fiF B (acetyl-CoA C-acetyltransferase, AACT)HI1E A
TURETE R LI LA, Bl S TEHMG-CoA &

(3-hydroxy-3-methylglutaryl CoA synthase, HMGS)I1]
TEHT, Bt CBAHREALS B AR A4S & T8 %3-%
FE-3-FI R M CoA  (3-hydroxy-3-methylglutaryl-
Coenzyme A, HMG-CoA), HMG-CoA#{3-¥53&-3- H 3t
T T Bk-CoAIE R B (3-hydroxy-3-methyl glutaryl coen-
zyme A reductase, HMGR)IG Jii 28 Bl H F2 K R, F 481
P BERRAAE I S — D IR S, B 2442 JIPP. MEP
AR B — AN S BRI 1 - Wt A - D- K TR B B (1 -
deoxy-D-xylulose-5-phosphatesynthase, DXS)f /¢ iR
8 55 3 - Bl I H b 1 A B 1 - i 4R - D - A B - 5 - T TR
(DOXP), Fifi J5DOXPLE 55 — > KB i 1 - it 4-D- AR Fi
W -5-1 BRI JR B (1-deoxy-D-xylulose-5-phosphate  re-
ductoisomerase, DXR)FI{EH T A MEP, H&iL— R
H TRl A S5 AR FIPP. 7 S XA i £E B 1R e ) BB (iso-
pentenyl diphosphate isomerase, IDI)f{#1L ~, IPPY
DMAPP ] # HL# {41,

1.2 GPP, FPP, GGPPZ:Rij1AY) i i 4 i

FEAN A e AR e R B RO AL T, ANRIECRE IPP
— 43T [{IDMAPPZ: £5 42 B.GPP, FPP, GGPP2 i {47
Hrp, —70 T HIPPHI— 7§ HIDMAPPAE AL} JLJE —
R & B (geranyl diphosphate synthase, GPS)fi{L,
A2 BRGPP, AF 9 B IR A4 128 2, R & i (farne-
syl diphosphate synthase, FPS)f# 4k 4 F IIIPPAI1 53
T IIDMAPPE & A JFPP, BN 21 hE R = s T 14 3
5 T IIIPPRIL ST IDMAPPZ I e A ) LR A ) L2 —
T £ i (geranylgeranyl pyrophosphate synthase, GGPS)
TGS AE FUGGPP, AE A b 0 O i e i .

1.3 iERACE WY A8 B R B Ae
GPP, FPP, GGPP%5 B # Hil R 7E AN [A] i 25 4 il (ter-
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#BRR (73S
7 BCoA REDER+ 1 EE-3- 1R
lAACT l DXs
-t &-D-NBANE-5-BE IR
B2 BECoA l DXR
HMGS
l EPEIR e g-4- TR
3-2E-3-PEN_HCoA l MCT
IWMR 4-(5 BB T) 2 C- PR D EE
EBRIE | emx
lMK A-(5-ERBER IR E)-2-C-PE-D- TR 8- 2- BB
| mps
MVA 5 R . \
Pathway TR 2-CBETEE-24 TR MEP
l PMK | Hos
PR B AREETR EBET HE-4-BEk
l MVD l HDR
DI
BIGE _BIREE/ _ PER N E RIS -~ \— REGE BRI _PERAE B
l FPPS | PPs
U, e )L LR
ADS 7\ gg | caPPs
bere 7 N DS Bt )L ) B ARR
ALDH1,, (BAS ' cps
CYP450 1 KSL
l lGT } CYPT6AH
a5 ABEH P
B1 EYREEEANGEER. A2, ASEH)EWAKRRE

penes synthases, TPS)[fEAL T AT T BCELmE . 5100l o
. TPSAL TR IR IR e o S s b, J e RmE R
VIR G ) s,  H LS TPS 5 M) b (1) o8 v ik
JEIIIE 22 Ff 4122 (BAETPSYEF N I BRI B %
e 2 N R, A I AB i G R AR AL I
WS A (R PASO LI Bl 340 SR il S gk —
FRE T T T L2 7).

(1) HiHRNER. FPPIERUR, Gl A —i%
& B (amorpha-4,11-diene synthase, ADS)AJIA LA %
SORML-4,11- ™Y, 7E4N A € K P4S0 M S L (cyto-
chrome P450 monooxygenase, CYP7IAV)HI{EMA T,
SRREN-4,11- 0% 43 I B & B (artemisinic  alde-
hyde, AAOH). ¥ & ¥ (artemisinic aldehyde, AAA)F
FH & BR (artemisinic acid, AA). T i BE 0] AAEAL T &
TEEER, A E SN G RPAS0 AL
(CYP7IAVFEE A AL (aldehyde dehydrogenase 1,
ALDH1) A T 4 — 47 & & (dihydroartemisinic

354

acid, DHAAE B H &Y. HE R e L8
B A B s N BE RS, TR E R I A —
AN T B A A B 1 3 R AR 2542,

() FHBEARER. GGPPRIATE ] B AR &
fiff(copalyl-diphosphate synthase, CPS)J{# . & Bl
AL B RR (copalyl diphosphate, CPP), CPP7E3E 5%
1208 4 (ent-kaurene synthase like, KSL)I1EF T, &
o =B AN R FE S HE S AR R P 25 B M (miltira-
diene), i 5 7EZH M (5 2K P4ASO S N E B CYPT6AHL) )

AL R A2 B2k 45 I (ferruginol), ﬁ%ﬁggﬂﬁfﬁ
A RRA P P2, PR — 3 iR

¥, FEAFEISE ﬁ%‘}@HHA\ —ESZH

MBS SIS, W2 N TR O R . H
Z AN J b 8 i S,
3) ASRENAENR. FPPEEJG, fiklsai

(squalene synthase, SS)HEALH 7+ [FFPPkL-Skik 7 4%
AR L C30H 210 f % Jfi(squalene),  Bifi 2 1 & 1 A 44
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fitf(squalene epoxidase, SE)f#{LIE2,3-A k&%
2 3-AMEIHTER-F WG & BB (B-amyrin - synthase) ]
AL A2 B ST R R Y F2 1 (ginsenoside  Ro)F Jo-B-
MR (B-amyrin), FFiE—SAEREILEREEI/ER T4
MANZ A Ro. 2,3- M &M 10 W] FE IR F e i (dam-
marenediol-II synthase, DS)JHEAL T A2 ik 3 Jd — ¥
(dammarenediol), [ 5 ik F 4 — 5 78 40 il €2, 25 P45 05
InAA R ) R AL T T Bk B e Y R = T- IR A S
[ (protopanaxadiol), J5i N2 " BE{EPASOIfEAL T %
A5 N JE N2 =B (protopanaxatrio )%, Horr jAF L5
MANSBHESESEMZ L B T FER
PR AT,

2 WERACE YA A RO

i LA P ) B AR, AR B 2
VAL AL LSS P I S R AUCR0.01% 241, B
WIRBGEIEATAE I A IR 0 AR A, 77 &
ARSIV, AR T 55, A0 B ML R S A 52 BRI 1Y
120 L AR e . I A S & R A
S o BLAE R ) A 0 S N 3 5 S R M SR B PR, e
TN I B2 FE A F R AR (K B 2 D TRE R
YA AL S E s, KREARAE
ZIREME A, W, SRR ARG %)
(pGRVIFIVET L R et/ N =R e D TRl BuR e
REAE . SIANKREEE, 4 IRGACH MK 7 ik

2.1 HfasESE

FEA AR 55 57 R A T A AR BT IO, A2 —
SEMRIRFAET, IRBIREEIH, A ek A
FEI E S RAA R B R AN IR IR ], 5
TIlbARAE, BAETr@aith. Ik, #ATmEyH
MR RIS R S ok 2, BIREEE. &
EER. FIBE. ASREETH,

2.2 HAREFE

F| FIAR I AR AT B (Agrobacterium  tumefaciens)sl K
HRAKTRI(A. rhizogenes) IR YAV IMEMR, K BTk )
T-DNATH NAEY) 20, 2ot (R B4, B4 B R H
o, FEREYIA I A, IRAF BOIRAR AR 2R Bl B DA
Wk, b E A IR GAR = & B AR 2

FBE T IR,
23 WHAEHAE

TR P9 AR BT R A ARV e I — Y B T
WL (FI T fo 22w AR NHE, A G
16 3 B B AR — KA. BT RAEERK
BAEVEERE R, AT RE7 AR S5 18 EAH R sl Rl A
A AEYITENE IR FARET= ™. KumaranATHur™ W H
RO GBI 43 B B Phomopsis BKH27, A
FEEIRF418 ng/L, 2 IRT AR 4 i A 1R 5 40
MEEEAEF. Ming% NP S-SR A 4 B3 H 18 4 A L
B, HPLC4S B EoR AR R D16 LB &6 7
Z: 1 AP LA

3 WERACEH SR EY) A5

FRAEY R B TEF . BRI FEE
AR TREAAE SR A R — TG Rk, HATR
TRE, HBONTR, SRA“H T i 7T skng,
NLEEALEIRERTorr . BERaEsfE. 28t A
FusEE B O 2 AT RE R R S R
T RERE.

3.1 HEROEEAEYFER
Tsuruta®5 A4 75 5 b (S B4, 11- 05 A il
(amorpha-4,11.dienesynthase, ADS)fERERE iK%,
LT H RO AR -4, 1 - IR A R, I8
Hhonfk s . A&k, bt E T ADMEE.
PaddonZ NP4 MET3 i 518 4 )y 5 1 CTR3
B, LB IHIERGIM FKIE Ik & 4 A B 2 AR
M, G5B RINP ora-ERGIFIP, - ERG T2 B Hh 45 7
ML B A Y TR LA B A CYP71AVIAN
CPRIF:EIH, 5Pk & & 0 0 AR BL40 B A= 47 Re /1 F%
K, HENZ b 40 M 2 2% 1 80 A /R FH B30T T R P T T3 AR
R, TERE(RCPRIZRIE [P Ik A 41 il 5 2K b5
(cytochrome bS5, CYBS), T iR J¢ 5 5 e 1 & = . 7+
T AT S AR N (ALDH) K LT B A B
K(ADHI), TR SR & R KRS, HEmRE
BOKIEEAR, FE A0 DY bE R S 74 R T (TPM),
IR B R I & Rk 25 ¢/L, WIPIAE| T
A=K, T E R H AR A BB S
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FAAL AR SO R [ S .

32 FREERE BAEY R

RIS B0 W 52 FF 5 B SRS W6 i) S i
&, Zhou NY3E b M ERIR A% T o s 7 TR 7 e ) Ik
BRI A0 R P S B 5 O AR R AN IR P  — s
A MSmCPS, SmKSLUL K fiELFPP & i FIERG20,
B FPPH AL S GGPPIIBTS AT Rl &, 15K &R
TR A RCE IR A, BRATAF RS &
15365 mg/L. TE4HHE A R PASOAMER FIMEH T,
FHS B 05 0T 4 e Ak BB A e AR 0 T IR AR
B, VA= S RN SR, 5INFHSER
I i L R PASOSAAL BE (R S 41 i 2 2 CY P45 03k 7 1
FERSmCPRI1/SmCPR2, W& 1 1 FH2 0 18] 7= 18k
B, HASEE D B MRS 6 R 2 U
K, ERIMRBEM FESEN RS 21X310.5
mg/LD]’SS].

33 AZEHNEBAEYER
Dai%s N\ POE R 8 iz B b G 28 NS B A

IR, I E D T HR R 3R k-3 R IR
B AL IEEE . R e R Sl B A

F i I 5 G VS 1, K RN S R P R T 262
5, T DU R B T2, RN S R
PR Z8.40 mg/L DCM (1189 mg/L). Weik NP7 vk %
SE T — /N RIET NS HIUDP-FE 3L 5 75 i (UDP-glyco-
syltransferase g1, UGTPgl), fEfZF+H 5CYP716A47
HAHBEATR2- 130580k, Ll 7 A2 A 21 CKIY
Mk A k.

4 WEREYAEY GRS RS

BRI TLEMI A HOR B R AT FUm R &
%Aﬁﬁﬁﬁﬁﬁm%%ﬁT—%m&ﬁif.ﬁﬁ
EFE 2. ASHELwERZIRZHRLEY)

%Amﬁémiﬁﬁﬁl i I AR Ik B R
IRRSEBEAEDN, AT BRI R, HEA
EMFFEARKIRE, WLV R R B R R R
e R 7 B R I, OF AL RS 2 S
MfE S, ARAFZIERE R SV & S Wiz
FUITR 726
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41 HERWEYARS L

(1) HE R A BIRE R R w7, s
RIE. HE3-FRFE-3-HH- %~ WEHEG AL R B (Artemi-
sia annua 3-hydroxy-3-methylglutaryl-CoA reductase
AaHMGR)EMVAIEFH 1) EERY, &R E4aHMGR
PAFREILRT S, RWHPHESRSEENH
ML, 380 722.5%Y. ¥ E R REHERE ISR
B FPSTNEE E, W B RIAFPSH R EiE
G ARSI A LL, AR SRR 2.5
EH &It RKIEAaHDRI (A. annua 4-hydroxy-3-
methylbut 2-enyl diphosphate reductase 1)J&[X], H A1)
HER. HERBAHAMAS SR i’JﬁTHﬁF
E’Ji'E.‘iJu["‘”. I RIEAaDXRIVE LN F EH R EEH RS
EL B A2 UM B4R v T 243,

ZRN I RIE, FE R AE-0ER E R
(AaHDR)ZMEPE/E b5 — NS4k, AaADSREE
WEER THEYERRENH AN REDE.
B I RIEHDRIIADS, ¥ HE Rk RAHTOH B RS
BT IR 03,4815, FWIHDRMADSHE K HA 12 &7
BRASENERC. £ E RS RECrHMGRA
AaADS, [FIRFAEMVARENE SR N EY & s
172, RIFEFEFIVE R P8 RS LR B R R =
7.65451%. LRIk AaCYP7 1AV IR i 5, X P45 0L [ i
(AaCPR) A {75 5 & & B LU AR 3 vk R I 5138%.
Lu% N5 758 b oy Ik I i 1K ADS, CYP71AVIAN
CPRIE[H, HPLCr M RWHACRMK R F I E H R S =L
S IR PR 2R H12.44%, 1£3015.1 mg/g DW. Shigs A\
it E T v [FNE %A ADS, CYP714V1, CPR, ALDHI
AN AR LA, T RS EIAR127 me/g, & HF
AERI3.445.

SR, MaZe N # AaHDRIFE R [ )5 XA
il A, ifﬁz: AL E B, Anti-sense-AaHDRITERE
P R E RS N 727%~33%, HERBIE
R PER2AE, zﬁ/ﬁzﬁﬂmﬁ VIR & et E AR E
kb, FKHAaHDRIAUAZ T 5 2= FIAA R, 5 HoAt
i KW E’JAEE&%EEYEH%.

(2) V=T = A R A S K 7 A 7T, AP2/ERF
KRN T, Yo N5 B (P AN R ST A Y T IR
7 RIE AP % [N -F AaERF I AaERF2, W]
Wit 54aADS, AaCYP71AVIEE) T HKICBF2
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(CRTDREHVCBF2)FIRAA (RAVIAAT) 454, i
8 4aADS, AaCYP7IAVIZEF R, (R E SR
2. 5ILFER, ZERNAi-AaERF1, RNAi-AaERF2%5 3 A
W&, HE R R, (ENIRERE T R AP/
ERFZ i #: K1, AaORAV] IE 4% AaADS, AaCY-
P71AV1, AaDBR2FIAaERFIZ 3N FRIE KT H S
R E R, SXRML, dREEKRP TS RN S ER
5 7 40%~53%; fERNAi-AaORAKK & th, HH ¢ S i 5k
DRI PRI 26 34 B B BRAIG, BN AaORA T 38 ik [95 f A 7 25 IR
PDF1.2 (plant defensin 1.2), HEL (heveinlike protein),
B-CHI (basic chitinase)#& =40l F 7T (4drabidopsis  thali-
ana) X KB B. cinereaMIIRITEE /1. Tans NI 52
KB, HEAaTAR] (trichome and artemisinin regulator
V)it 5 4a4DSFAaCYP7 1AV A 5T X 45 () CBF2
MRAAL G, AR ERAESHERNM A

WRKY 85 AT, WRKY 3 51 25
bR EEN SRR TR G —, HAEEDES
R AKKE MY EEEA Y e R R R
HENEH. AaWRKY & i R0 5 & R I 5% KT,
AaWRKYIR] 54aCYP714V1, AaADSHEER JA 51 [X 15
HIW-box4i &, #HAaCYP7IAVI 54aADSKIFR L, M
AR R A B, 4aGSWINE N4> W R iR B4
FHEFIWRKY #5% KT, 52 F|4aMYC2 5 AabZIP1HI
¥, A1 54aCYP714VI, AaORAXER {IW-box 4 Hh 1 45
&, EEHEEROMERED,

NACFEHEFNT. LvaE NI TR, miRK
M. T8 KFEFRE FMAaNACI, 7] IEREHE
KO MERETADS, DBR2, ALDHIZIER ML, 12
HEE RN RN E &N R & YUK E
REST.

bHLHZ e 5 K 7. ShenZ N9 N5 8 rp v e 75
B ZIAY FOHLH K R ¥ sk K F daMYC2, HA[
AaCYP71AVIMAaDBR2 55 ¥ H (f1G-box like4: 115,
shidy, 1B AaCYP7IAVIRIAaDBR2FEN IEE T, M

WIHESRNAEK. THEANT H AR —4
AabHLH1, H:F] 5A4aADS, AaCYP71AVIE 5T X 51
E-box&i &, $emidadDSs, AaCYP71AVI, AaHMGRZ: K]
KIEIK, (R E R R,

MYBZ i 55 K 7. MYB#E SR T R i K
HIFE RN TR iRz —, HNImE& A R ST RIMYBZE
. RIEMYBZ RN EIAE, MYBHR] L4 AIY

K, HFR2R3-MYBH R H T i i % £ PR
iKAaMYBI, HIREHEIEN, HEEABIEFEHMK
B il R IR 1) SRS B v, T R A A RGN, (R AR
T Id R iEdaMYBI, KILHEXPEIFRAIAKE S
S — e R,

bZIPK i 3N 7. fEABATS 5 &4, AabZIP1
Al 54a4DS, AaCYP71AVIAETIX IR HIABA M TG
f(ABA response elements, ABRE)45 4. fEAabZIP1-
OXFEIENMR R, AabZIP1iEiL EiHAadADS, AaCY-
P714V1, AaDBR2FAaALDHIFEN 555K , 7
BRI RN T0.7~1.5657"", Yan%5 N5 215 2
— %% IAAE 1 AaHD] (homeodomain protein 1), J
A 54aJ4Z8 (jasmonate ZIM-domain 8)%5 &, JHit i1
JRE 5 BRI m S &

Q) HFEENGREKE. STWHERERTER
EVE R FE P, FERAEY S B AR R
e DR i 4 i RV PE IR P R St Rk, Rl s i
B E T B R AR S USRS T OB RN (1) Fik
R E &R AR, BaE A M a8
WA IS H). WangZE NP5 8 th k511
EMRE TR R R RNE R A2 E H3 (lipid transfer
protein 3, AaLTP3)M % [a]fiif 24 1'% iz # H (pleiotropic
drug resistance 2, 4aPDR?2), GEME3EEDH (AA)TEHHE
(Nicotiana tabacum L) Gt MA IR, BHIEFH
JRAMAR A A, Fusi NPT A3 2] — A 2 i 25
%188 H (AaPDR3), HA[ @IS K B-caryophyllene %
BAET R R B b ABR ARG M 51 R 5. fEAaPDR3-
RNAi%FE K HE F, B-caryophyllenef & & (K, T
HE RN EN S, HIAcPDRI AT SR
VA BN TE SRR, LT 2 BRI 1) 7 R A

Az

42 FHSEEY GRS RS

(1) BB RS ks S50, IR g Rk,
P12 (Salvia miltiorrhiza Bge.) HMGRFE R Jwi5 5651,
B, (EFH SR 2. MR AR R IE. 7E
& RIESMHMGRFYZ B, PHSER & & Ho I
Hm 2265, KRIFSmHMGRA A LSS 200
RRL RS FFEER R A WIS AN TS
DXSHUIR, 435l fi % NSmDXSIFSmDXS2, HDXSI
R RIEIER, DXS2NARH A RISIER. £}
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S BRI RIESNDXS2, FHEH& BV RGN, &
REis e TRESERS, 1P BRR T it £IESmGGPPS,
KT S0 & R R %£4.95 mg/g DW™,

ZRREMFRIL, EMSERBPILRIESMHMGR
MSmGGPPS, wF=/EWhFMEHER, fEHGOM R,
FI&W &8 92727 mg/lg DW, X IEZH 5. 7445,
Shi%s N IE ST 2 BRI e RIASmHMGRFSmDXR,
PSS E L $3.25 mg/g DW, FEETYE, Ag i)
FHF— IR E BRI SN & &, HSmGGPPS
MSmDXS2HL[F AN Z, AMEHFFSERAER, K
GDIO%k R 1S & B4 H4212.93 mg/g DW; [H
WAL HAL IR T, T DR SRR A =
B,

SR B E A @ DN AR 515
Fr, G I v AR B PF S 5 I J A R IR S A (Sm -
PDEER, @ A HRNA TP A 0L 5240 3R AT AR
R, RIRNAtERBRIRE I Z A LR ™ H, H
JUT RSB PFZ 0, 75 KA B S Rk SmiPl
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Research progress in terms of the biosynthesis and regulation of
terpenoids from medicinal plants
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Terpenoids from medicinal plants are widespread secondary metabolites in nature and exist as multiple types with different structures
that are crucial in plant growth and development. Moreover, terpenoids exert a broad range of biological activities, including
antitumor, antioxidation, anti-viral, and so on. In this study, artemisinin, tanshinone, and ginsenoside were selected as three
representative examples, and progress in terms of research on biosynthetic genes, transcriptional regulation, metabolic engineering,
synthetic biology, biosynthesis and transport was summarized. Future prospects including functional genes excavation and regulation
mechanism network of terpenoids were also discussed.
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